mations. The reliability of most parameters was high, except for the measurements of the third and fourth ventricles and the corpus callosum.
Introduction
Brain malformations rank among the most common fetal abnormalities with about one out of 100 live births featuring a central nervous system abnormality [1] .
Ultrasonography (US) is the first-line screening tool to diagnose fetal pathologies or to detect aberrations in fetal development in early pregnancy [2] . In inconclusive or suspicious US findings, fetal MRI can be used as an additional diagnostic tool in the second and third trimester of gestation in order to confirm or refute the findings suspected on US, to gain further information of potential malformations, and to search for associated pathologies [3] [4] [5] .
Fetal brain assessment is the most common indication of fetal MRI because of the high sensitivity of the MRI to visualize the structure and microstructure of the brain tissue [6] . According to recent studies, fetal MRI appears to be a valuable addition to US in the detection of fetal brain malformations [2, 7, 8] . US is an operator skill-dependent and dynamic modality and therefore subject to a significant quality variation [2, 3, 8] . MRI quality can vary as well depending on motion artefacts [9] and the imaging technique, including the accuracy of imaging plane setting, which can alter the visibility of pathoanatomical structures [8] . Similar to fetal US brain measurements, standardized linear measurements for the evaluation of fetal brain on MRI have been proposed [10] . While US reliability in the context of fetal brain measurements has been examined extensively [11] [12] [13] [14] , little information exists regarding the inter-and intraobserver reliability of MRI-based measurements of fetal brain malformations.
The main purpose of this study was to determine the interobserver and intraobserver reliability of different biometrical MRI measurements in various cases of fetal brain malformations. Additionally, the concordance and discrepancies between US and fetal MRI findings were examined.
Materials and Methods

Study Population
All fetal brain MR images performed between 2003 and 2013 were retrieved from the institutional database. A total of 56 pregnant women with abnormal or inconclusive findings of the fetal brain on US and consecutive fetal brain MRI examinations were included in the analysis. 54 of them underwent US examination at the authors' Department and 2 US results were collected from peripheral hospitals. All fetal brain MR images were performed at the institutional Department of Radiology with prior knowledge of the US results. The patients did not have contraindications to MRI. The sex of the fetuses was not taken into account in this study.
The mean maternal age was 31.2 ± 5.7 (SD) years with a range from 18 to 42 years. The MRI-necessitating US examination was obtained at a mean pregnancy age of 28 + 3 gestational weeks ± 5.8 (range, 18 + 1 to 37 + 2 weeks), and the MRI examinations were performed at a mean pregnancy age of 29 + 6 gestational weeks ± 5.8 (range, 19 + 1 to 40 + 4 weeks). The median time interval between the two different examinations was 6 ± 7.2 days (range, 0-36 days). All fetal brain MRI and US findings were retrospectively collected and compared. In order to analyze the inter-and intraobserver reliability of fetal brain malformations, the below-listed linear measurements were performed independently by 4 observers and repeated after a minimum time interval of 4 weeks.
The local ethical committee approval was obtained for this study (415-EP/73/259-2013).
MRI Technique
The fetal MR images were obtained on a 1.0-tesla unit (Siemens Harmony, Berlin, Germany; n = 14) until 2008, and from then on the examination was performed on a 3.0-tesla Gyroscan (Achieva; Philips, Amsterdam, The Netherlands; n = 35) and 1.5-tesla Gyroscan (Ingenia; Philips; n = 5).
In all cases, the mother was examined in a supine position using a body coil. Fasting before the MRI examination was not required nor were spasmolytic agents or sedatives administered. After a scout scan to localize the fetus, three T2-weighted sequences were performed in the coronal, transaxial and sagittal planes followed by a T1-weighted sequence in the transaxial plane of section. To obtain orthogonal orientation of the fetal brain, double angulation was required. In all patients, the MRI was focused on the fetal brain.
In poor imaging quality, complementary TRUEFISP (true fast imaging with steady-state precession) was performed, typically in the sagittal plane. Additional sequences including FLAIR (fluidattenuated inversion recovery), FLASH (fast low angle shot), or DWI (diffusion-weighted imaging) were rarely used.
Technical details of T2-weighted imaging sequences used for assessment of the measurements are enlisted in table 1 .
MRI Measurements
The linear fetal MRI measurements analyzed for their interand intraobserver reliability included the posterior and anterior horn of the lateral ventricles, the third and fourth ventricles, the corpus callosum, the vermis and the cerebellum. The parameters were measured according to the method described by Garel et al. [10] .
The diameter of the posterior horn of the lateral ventricles was measured on an axis perpendicular to the long axis of the ventricle, 16 -20 at the level of the atria, in the coronal and axial planes. In ventricular asymmetry, the measurements of the larger ventricle were used for analysis. The diameter of the third ventricle was also assessed in the coronal and axial planes. The anteroposterior diameter of the fourth ventricle was measured on the midline sagittal plane, from the median parts of its roof to its floor. The presence or absence of corpus callosum was determined in the coronal plane. When present, the length of the corpus callosum was measured on the midline sagittal plane, from the genu to the splenium. The height of the vermis was established on the midline sagittal plane, depicting the greatest height of the vermis as parallel as possible to the axis of the brain, and the transverse cerebellar diameter on the posterior coronal plane at the level of the atria [10] ( fig. 1 ).
The fetal MR images were presented to 4 independent observers: 2 radiologists (examiner 1 and 2) and 2 gynecologists (examiner 3 and 4). The examiners had different levels of experience. Examiner 1 was a senior radiologist experienced in fetal MRI for more than 15 years. Examiner 2 was a 2nd-year radiology resident trained in reading MRI, who did not have any specialization in reading fetal MRI. Examiner 3 was a senior gynecologist specialized in prenatal diagnostics, and examiner 4 was a final-year gynecology resident trained in prenatal ultrasound. The gynecologists did not have any experience in diagnosing fetal MRI. The observers were instructed regarding the measurement criteria prior to performing the measurements. The measurements were carried out without the presence and support of experienced imagers. All observers had to select a suitable imaging slice and perform the measurements according to the above-mentioned criteria as accurately as possible. The observers had no access to the US findings or other patient information while completing the measurements. Data were recorded independently by each of the examiners on an Excel worksheet; occurring difficulties were noted, and the image quality was defined. The same measurements were repeated after a minimum time interval of 4 weeks for intraobserver reliability analysis.
All measurements were carried out in IMPAX EE (Agfa Healthcare, Mortsel, Belgium). 47 MR images were digital, and measurements were shown in millimeters; 9 were scanned-film imports with measuring scale. To complete the measurements, zooming, rotating, and contrast scaling was allowed, but no other effects were used to influence image quality. Poor image quality was subjectively defined as vague margin delineation due to fetal motion artefacts and asymmetry of the acquisition plane due to fetal head rotation. Additionally, severe malformations hampering and replacing the structures to be measured were noted. When one observer considered a parameter of a patient not to be measurable, this linear measurement was excluded for all observers in the reliability analysis. Two out of 56 cases were completely excluded from the reliability analysis as the required measurements were impeded by a tumorous lesion and hydrocephalus internus superseding the brain structures in one case, and a twin pregnancy with insufficient depiction of the neuroanatomic structures of the fetus with a meningoencephalocele in the other case.
US Examination and Comparison of Findings
The US examinations, which were completed at the authors' institution (n = 54), were performed with transabdominal and transvaginal volumetric transducers (Voluson 8, GE HealthcareUK). An abdominal 2D Curved Array 4CD transducer with 3.1 MHz and a RAM38 3D imaging transducer with 4.2 MHz were used. All patients underwent a transabdominal examination. The brain was studied in the axial, coronal, and sagittal planes. The US imaging was performed by various experienced obstetricians specialized in prenatal ultrasound, who all detected a pathological finding requiring further diagnostics. The US completed within the closest time frame from the fetal MRI was used to compare the results and pathologies. US measurements were completed on the basis of the checklist of the prenatal screening program ViewPointPIA (LB-systems, Vienna, Austria).
Pathologies for comparison of US versus MR images included hydrocephalus, ventriculomegaly, aqueductal stenosis, vermis hypoplasia/agenesis with or without associated Dandy-Walker malformation, cerebellar hypoplasia/agenesis, agenesis of the corpus callosum (ACC), missing septum pellucidum, cysts, mega cisterna magna, hemorrhages, ventricular asymmetry, encephalocele/meningocele, holoprosencephaly, missing falx, vein of Galen aneurysm, and schizencephaly ( table 2 ) .
Mild ventriculomegaly was defined as an atrial diameter between 10 and 12 mm, moderate ventriculomegaly between 12.1 and 14.9 mm, and severe ventriculomegaly, called hydrocephalus, as a diameter of ≥ 15 mm [15, 16] .
Mega cisterna magna was defined as a dilatation of the fluidfilled cerebellar space exceeding 10 mm [17] .
ACC was determined by the absence of a corpus callosum including typical signs as the teardrop configuration of the occipital horns of the ventricles in the coronal plane, the sunburst sign in the sagittal plane and cysts in the posterior cranial fossa [18] .
Statistical Analysis
Data were carefully checked for normality and outliers. A twoway mixed ANOVA model was used to compute intra-and interclass correlation coefficients (based on consistency) together with 95% confidence intervals (CIs). The F test was used to compare means among different observers or measurements.
A p value less than 5% was considered to indicate a significant effect. All statistical analyses were performed using PASW 19 (IBM SPSS Statistics for Windows, Armonk, N.Y., USA), Mathematica 7 (Wolfram Research, Inc., Champaign, Ill., USA), and STATISTICA 10 (StatSoft, Tulsa, Okla., USA).
According to Portney and Watkins [19] , in this study an intraclass correlation coefficient (ICC) smaller than 0.75 indicated poor to moderate reliability, an ICC between 0.75 and 0.90 good reliability, and an ICC above 0.90 excellent and therefore reasonable reliability for clinical measures.
Results
Most common fetal brain malformations detected on MRI in our study population included hydrocephalus (n = 24, 43%), ventriculomegaly (n = 13, 23%), and aqueductal stenosis (n = 12, 21%; table 2 ).
The interobserver reliability was the highest for the cerebellar diameter measurements in the coronal (0.97, 95% CI 0.96-0.98) and axial (0.97, 95% CI 0.95-0.98) planes and the lowest for the diameter of the third ventricle in the coronal plane (0.50, 95% CI 0.35-0.65; ta- Regarding the interobserver reliability, 3 measurements achieved an ICC higher than 0.9 ( table 3 ) , and intraobserver ICC was higher than 0.9 for 8 measurements ( table 4 ) .
The measurements of the length of the corpus callosum featured a poor interobserver reliability (0.63, 95% CI 0.45-0.79), but achieved a high average intraobserver reliability (0.94). The interobserver concordance in the detection of ACC was 63%, while the intraobserver agreement showed an average of 71%.
Generally, the radiologists did not reach higher interobserver reliabilities than the gynecologists except for the measurements of the third ventricle in the coronal plane (0.84, 95% CI 0.72-0.91 vs. 0.49, 95% CI 0.23-0.68; table 5 ).
In the analysis of good versus poor quality images, the interobserver reliability of the different measurements showed a clear trend towards more reliable measurements in images of higher quality. However, only the measurement of the cerebellar diameter in the coronal and axial planes showed statistically significant differences with no overlapping of the CIs ( table 6 ) . No clear trend in the reliability of the measurements was detected when performing a subgroup analysis regarding the utilized magnetic field strength. Only the measurement of the posterior horn of the lateral ventricle in the axial plane showed a significantly higher reliability on the 3-tesla images than on the 1-tesla images (0.89, 95% CI 0.88-0.96 vs. 0.68, 95% CI 0.44-0.86). However, in the 3-tesla group, 2 cases with poor image quality and non-measurable posterior horn had to be excluded from the reliability analysis.
Regarding the comparison of both imaging modalities, fetal MRI did not alter the primary suspected US diagnosis in 40 cases (71%). The 16 cases (29%) in which fetal MRI provided information differing from the US findings included 10 cases (18%) in which MRI significantly extended the diagnosis and affected clinical decisionmaking, 2 cases (3.6%) in which a different primary pathology was detected on MRI, and 4 cases in which no abnormal findings were detected on MRI (7.1%). The extension of diagnoses on fetal MRI compared to US mostly included cases with initially detected ventriculomegaly or hydrocephalus on US (n = 7, 12.5%) and additional fetal MRI findings including hemorrhages, lesions of brain parenchyma, ventricular asymmetry, missing septum pellucidum, septo-optic dysplasia, enlarged third and/or fourth ventricle, aqueductal stenosis, ACC and vermis hypoplasia. The two primary diagnoses altered by fetal MRI included a suspected pontocerebellar dysplasia, which was identified as an enlarged mega cisterna magna, and a suspected enlarged third ventricle, which was found to be a cavum septum pellucidum cyst on fetal MRI. Previously suspected pathological US findings, which were n/% = Absolute/relative number of measurable cases. ICC <0.75 = poor, 0.75 -0.9 = moderate, >0.9 = excellent reliability. not confirmed on fetal MRI and where no other abnormal findings were detected, included two marginal ventriculomegalies, a ventricular asymmetry, and a slightly enlarged mega cisterna magna.
Regarding the most common diagnosis hydrocephalus, 23 of 24 positive US findings (96%) were also found on MRI. In 2 cases of negative US findings, a hydrocephalus was diagnosed on fetal MRI (6.3%). Similarly, regarding mild or moderate ventriculomegaly, MRI confirmed all cases of positive US finding, and 6 negative US findings were deemed positive on fetal MRI (13%). The most common US finding, which was not confirmed on MRI, was mega cisterna magna (n = 8, 67%). Cerebellar hypoplasia was the most common pathology deemed negative on US but positive on MRI (n = 7, 14%; table 7 ).
Discussion
Fetal MRI has proven to be a valuable addition to US in the detection of fetal brain malformations. While the reliability of US-based fetal brain measurements has been n/% = Absolute/relative number of measurable cases. ICC <0.75 = poor, 0.75 -0.9 = moderate, >0.9 = excellent reliability. 48  48  42  47  34  23  45  50  50   100  98  89  89  78  87  63  43  83  93  93 n/% = Absolute/relative number of measurable cases. ICC <0.75 = poor, 0.75 -0.9 = moderate, >0.9 = excellent reliability.
examined extensively [11] [12] [13] [14] 20] , little is known regarding the inter-and intraobserver reliability of MRI measurements of fetal brain malformations.
According to our data, 3 measurements achieved an ICC for interobserver reliability above 0.9, whereas regarding the intraobserver reliability, 8 measurements achieved an ICC higher than 0.9. The highest reliability was reached in the measurements of the cerebellar diameter, and poor interobserver reliability was observed for the measurements of the diameter of the third ventricle, the fourth ventricle and the corpus callosum. The difficulty of the different observers to obtain reliable corpus callosum measurements was reflected in the amount of nonmeasurable cases. Corpus callosum measurements featured the highest exclusion rate with only 18 measurable cases (33%) for all observers in the interobserver and 23 measurable cases (42%) in the 49  49  42  40  31  18  45  50  49   100  96  91  91  78  74  57  33  83  93  91 n/% = Absolute/relative number of measurable cases. ICC <0.75 = poor, 0.75 -0.9 = moderate, >0.9 = excellent reliability. intraobserver reliability. Similarly, the poor measurability of the third and fourth ventricles was also corroborated by the amount of nonmeasurable cases (77 and 57%). In contrast, the measurements showing excellent reliability, as the diameter of the cerebellum and the posterior horn of the lateral ventricle in the coronal plane, could be performed in 92 and 100% of the cases, respectively. Parazzini et al. [21] mentioned that the measurements of structures of a smaller size make their evaluation and exact measurements difficult, which results in poor reliability. In our study, in the third ventricle measurements outliers arose from a cavum septum pellucidum cyst in 2 cases, which were mistaken for an enlarged third ventricle by the inexperienced observers.
Not only the exact measurements but also the accuracy of imaging plane setting plays a part in contributing to reasonable measurement reliability. The poor interobserver MRI reliability of the measurements of the corpus callosum and the fourth ventricle may also be caused by the lack of presence of a perfect mid-sagittal brain section due to inadequate plane setting or fetal head rotation. In our study, the genu and the splenium were included in the measurements of the corpus callosum as advised by Garel et al. [10] . In contrast, Parazzini et al. [21] did not take into account the genu and splenium thickness, stating that it is well delineated by the lower hyperintense signal of the third ventricle. Generally, according to Garel [22] , it is impossible to precisely evaluate the thickness of the corpus callosum because of the limited spatial resolution on MRI.
Of course, the reliability of measurements can also depend on the skill set of the observers. Fetal brain US is mostly performed by gynecologists and MRI by radiologists; only few perform both modalities. In this study, it was investigated whether obstetricians, experienced in the use of the dynamic imaging method US, would generate similarly reliable fetal brain MRI measurements compared to radiologists, experienced in the analysis of static fetal MR images. Generally, obstetricians are not trained in MRI examination techniques, while radiologists cannot be expected to have all the background knowledge of maternal-fetal medicine [23] . However, it was shown that obstetricians could reach similarly reliable results compared to radiologists when performing standardized fetal brain MRI measurements, which approves the usefulness of the standardized measurements.
Since in other studies comparing fetal brain MRI with US the importance of using high-quality US and MRI was highlighted [8, [24] [25] [26] , we conducted a subgroup analysis of MR images with differing image quality. Poor image quality MR images were defined in common according to the above-mentioned criteria. We believe this subgroup analysis to be important as a mere exclusion of images with poor quality would provide results based on artificial selections rather than the reality in clinical practice. According to our results, there was a trend towards more reliable measurements using images of higher quality. The main reason for poor imaging quality appeared to be fetal movement artefacts. Mere technical parameters as field strength did not sufficiently alter the imaging quality to affect the reliability of the measurements.
When one of the observers considered a parameter not to be measurable at all, this linear measurement was excluded for all observers in the reliability analysis. However, the number of excluded cases was taken into account when interpreting the different ICCs.
While results of US and MRI agreed in the primary diagnosis in 40 cases (71%), MRI provided additional information in 16 cases (29%). According to our results, discrepancies between US and MRI findings were often related to structures located in the posterior fossa. Poutamo et al. [27] reported that the anatomy of the posterior fossa remained unclear in 8 of 19 cases on US and in one of 19 cases on MRI. Also Oh et al. [28] highlighted that for these common posterior fossa anomalies understanding of the anatomy is essential to avoid pitfalls and misdiagnoses. According to Paladini et al. [29] , fetal MRI is helpful in a limited number of cases with CNS abnormalities and can be of benefit to a lesser extent in posterior fossa and corpus callosum anomalies, confirming our findings.
MRI has been proven as a safe modality for fetal imaging. Nevertheless, the indication of fetal MRI needs to be justified because of the acoustic noise on the fetus, the specific absorption rate, the associated MRI-induced heating of body tissues [30, 31] , the limited availability, and the costs of the procedure. It is often challenging for the obstetrician to decide whether to perform further US controls or to request a fetal MRI examination.
A limitation of this study is that the time interval between the US and MRI reached a maximum of 36 days.
Regarding the intraobserver reliability analysis, we chose a minimum time interval of 4 weeks between measurements in order to limit abiding memory. In this time, the examiners did not have any contact with names, data or images of the patients.
Since the aim of this study was to evaluate the reliability of fetal brain MRI measurements, no analysis of the neonatal outcome or fetopathologic examination was made. In order to determine the validity of the findings, a postnatal MRI or a standardized fetopathologic examination would be required.
Conclusion
MRI proved to be a valuable complementary technique to US in the investigation of fetal brain malformations providing additional information in about one third of the selected cases. The reliability of standardized MRI measurements was reasonable in most linear measurements and especially good in the measurements of the cerebellum and the posterior horn of the lateral ventricle. However, poor reliability was shown in the measurements of the third and fourth ventricles and the length of the corpus callosum.
